[1] The Defense Meteorological Satellite Program (DMSP) F15 satellite frequently observes an unusually high level of local Poynting flux when the interplanetary magnetic field (IMF) is northward but also has a large B y component. We use the Open Geospace General Circulation Model (OpenGGCM) coupled magnetosphere-ionosphere-thermosphere code to study several events where, under such conditions, unusually large earthward Poynting flux has been observed. We find that the Joule heating rate in the model agrees well with the observed Poynting flux. Analysis of the model results shows that the strong Poynting flux hot spots are physically linked with magnetic reconnection at the high-latitude cusps. The solar wind mechanical force and the J × B force act on the newly opened field lines created by cusp reconnection to produce a Pedersen current, which consequently generates an intense Joule heating region, and a pair of adjacent and opposite field-aligned currents (FACs) connecting to the magnetopause currents forming a closed circuit. The intense Joule heating region is also the region with strong downward Poynting flux. The distribution, scale, and magnitude of this Joule heating region and corresponding FACs in the polar regions are mainly controlled by IMF clock angle, IMF magnitude, and solar wind dynamic pressure. A northward IMF condition with a large B y component will result in an extended region with intense Joule heating and FAC, thus making a spacecraft transiting the dayside region more likely to observe a strong downward Poynting flux.
Introduction
[2] It is well known that the direction and strength of the interplanetary magnetic field (IMF) exert strong influences on the high-latitude ionospheric plasma convection and current [e.g., Heppner, 1972; Heppner and Maynard, 1987; Foster et al., 1986; Ruohoniemi and Greenwald, 1996; Weimer, 1995 Weimer, , 2001 . Such influences are strongest when the IMF is southward. During a period of northward IMF conditions, the accepted view is that the magnetosphere becomes quiet, the open-closed boundary in the ionosphere shrinks, and the energy deposited into the ionosphere is reduced greatly, thus weakening ionospheric plasma convection and currents.
[3] However, using data from the DMSP F15 satellite with an altitude of 859 km, Knipp et al. [2011] recently found unusually high, localized Poynting flux enhancements in the dayside near-cusp region during periods of solar wind shocks with northward B z and strong B y conditions. The peak value of such downward Poynting flux can be up to 180 mW m −2 , while the typical maximum values are close to 40 mW m −2 during a moderate storm. Data from Dynamics Explorer 2 showed a peak value of ∼50 mW m −2 after 2 h of strongly southward IMF [Gary et al., 1994] . The corresponding assimilative mapping of ionospheric electrodynamics (AMIE) Joule heating map also shows a high Joule heating rate near the region of strong Poynting flux observation [Crowley et al., 2010] . Using iridium magnetic data and a statistical ionospheric conductivity model, Korth et al. [2005] estimate the global distribution of radial Poynting flux showing a hot spot in the ionosphere poleward of 78°magnetic latitude with a maximum energy flux of near 50 mW m −2 during a period of strongly northward IMF conditions.
[4] Crowley et al. [2010] successfully reproduced the main features of the density enhancements observed by the Challenging Minisatellite Payload (CHAMP) satellite with an altitude of 363 km on 24 August 2005 using the Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation Model (TIMEGCM), which was driven by high-fidelity, high-latitude inputs specified by the AMIE algorithm in the study instead of inputs from a simpler con-vection model [Heelis et al., 1982] . Their simulations reveal that the observed density enhancement in the dayside cusp region resulted from large amounts of energy entering the ionosphere-thermosphere system at cusp latitudes during an interval of strong (+20 nT) IMF B y with B z fluctuating between +10 nT and −10 nT.
[5] Motivated by the new discovery made by Knipp et al. [2011] and the study of Crowley et al. [2010] , we use the global magnetosphere MHD model Open Geospace General Circulation Model (OpenGGCM) [Raeder et al., 1998 Raeder, 2003] coupled with the NOAA Coupled Thermosphere Ionosphere Model (CTIM) [Fuller-Rowell et al., 1996] to simulate the events of strong Poynting flux.
In this paper, we analyze the simulation results and reveal the mechanism that leads to the observations of strong Poynting flux under northward IMF conditions. This paper is organized as follows: In section 2 we discuss the OpenGGCM model and the data sources. Sections 3 through 5 provide examples of model-data comparisons for three events. We discuss the analysis results in section 6 and summarize our new findings in section 7.
Model and Data Sources
[6] OpenGGCM solves the resistive MHD equations on a nonuniform rectilinear grid with a minimum grid spacing at GSE y = 0 and z = 0 for the y and z directions and at a point near the dayside magnetopause for the x direction. The outer boundary conditions on the dayside are the solar wind and IMF conditions, while those on the other five outer boundaries are free (i.e., normal derivatives vanish). The inner boundary conditions are derived from an ionospheric model coupled with the magnetosphere model. FACs are computed just outside a spherical region of radius 3.0 R E , centered around the Earth, and mapped to a spherical-polar ionosphere grid at 1.02 R E using a dipole magnetic field model. The ionosphere potential is solved on the surface of a sphere with a 1.02 R E radius. The ionospheric electric field is mapped outward to the surface of the sphere with a 3.0 R E radius. In an OpenGGCM simulation, the ionosphere can be either set simply as a sphere with constant uniform conductance, modeled by empirical parameters [Robinson et al., 1987] or modeled by the NOAA CTIM [Fuller-Rowell et al., 1996] . A more detailed description of the OpenGGCM model and its ionosphere coupling can be found in related articles [Raeder et al., 1998 Raeder, 2003] .
[7] For this study, we use solar wind data from ACE to drive the simulation in a domain of GSE (−24, 650) × (−48, 48) × (−48, 48) R E with a minimum grid size of 0.12 R E and about 28 million grid points. The CTIM is used as the coupled ionosphere-thermosphere model. The grid distribution in this simulation is designed to put emphasis on the dayside and flanks. The magnetospheric parameter values (plasma density, temperature, velocity, magnetic field, and current density) of the whole domain are written out every 3 min, and the ionospheric parameter values (proton precipitation, electron precipitation, Pedersen conductance, Hall conductance, FAC, and Joule heating rate) are written out every minute. The values at a given position and time can be obtained from linear spatial and temporal interpolation for further analysis.
[8] The DMSP Poynting flux is computed by
where V is plasma velocity measured by the DMSP drift meter, B main is the International Geomagnetic Reference Field main field, and B DMSP is the magnetic field measured by DMSP. The vertical Poynting flux is then given by
where the x component is along the spacecraft track and the y component is across the spacecraft track.
[9] For a stationary condition, Poynting's theorem relates the electromagnetic energy transfer rate J · E to the perturbation Poynting flux S:
If, as discussed by Richmond [2010] , Poynting's theorem and Gauss's theorem are applied to a single flux tube bounded by the satellite at the top and the base of ionosphere at the bottom, and assuming that no energy flows out of the bottom of the region, it is found that the Poynting flux S k across the boundary is equal to minus the rate of energy conversion below [Kelley et al., 1991; Gary et al., 1994; Deng et al., 2008] :
where the integral is from the bottom to the top of the boundary and the variation of the magnetic field along the flux tube is neglected.
[10] In OpenGGCM, the Joule heating rate on an ionospheric surface grid is computed by
where the integral is from the bottom to the top of the ionosphere and E is assumed to be constant along the radial direction. Both E and J are provided by CTIM.
[11] In the high-latitude region, the dipole field is mostly radial, and if the variation of the ionospheric electric field along the height is neglected, the observed magnitude of the Poynting flux S k should be approximately equal to the total Joule heating rate hj for the ionospheric volume below the spacecraft according to equations (6) and (7).
Event 24 August 2005
[12] Motivated by the event studied by Crowley et al. [2010] , who suggested a connection between significant thermospheric density enhancement and greatly enhanced Poynting flux, we ran a simulation for this event. Figure 1 shows the DMSP F15 observation of downward Poynting flux, the corresponding Joule heating rate on the virtual DMSP orbit in the simulation, the DMSP latitude and longitude in solar magnetic (SM) coordinates, the CHAMP observation of neutral density, the IMF clock angle, and the IMF y and z components. The IMF values are derived from ACE measurements by shifting a specified time forward according to the solar wind average speed during the event. The Joule heating rate and location in the simulation agree well with DMSP Poynting flux. The enhancement at ∼07:50 UT agrees well on magnitude, timing, and duration.
[13] Using the magnetospheric magnetic field in the simulation and the Earth's dipole field in the ionosphere, we trace the magnetic field lines from locations at and near the DMSP location at 07:50 UT when the DMSP observes the large enhancement of Poynting flux. These field lines are found to be open, as shown by the cyan lines in Figure 2 that overdrape the northern dawn flank of the magnetopause.
[14] To find out how these open field lines are formed, we trace a fluid element on one of the open field lines backward in time and compute the magnetic field line threading through the fluid element for each integrating step. Figure 3 shows some of resulting magnetic field lines in cyan and the path of the fluid element in blue. The total traverse time of [15] Figure 5 shows the distributions of Joule heating rate and FAC in the northern polar region at 07:50 UT. Red indicates the strong Joule heating rate region. The thick red line and the arrowhead indicate that the DMSP F15 satellite was passing through this region around 07:50 UT. The enhanced Joule heating region is located between two adjacent and opposite high-latitude strong FACs. As shown in Figure 1 , the IMF clock angle near the magnetopause is about 75°around 07:50 UT with a 20.5 nT IMF B y and a 5.1 nT IMF B z .
[16] The pair of adjacent and opposite FACs shown in Figure 5 looks similar to the iridium FAC distribution for duskward IMF shown in Figure 1d of Anderson et al. [2008] . Note that the positive (red) FAC is downward in Figures 1-19 . From iridium data, Anderson et al. [2008] computes the average FAC distributions for various IMF directions as well as the associated E × B flow channel. The FAC distribution in Figure 5 obviously has some differences compared to that in Figure 5 (NE) of Anderson et al. [2008] because the latter is a statistical average value for medium clock angle (∼45°). However, they share a common feature: a pair of adjacent and opposite FACs with the upward FAC locating poleward of the downward one. The E × B flow channel in Figure [17] The slab model [Cravens, 1997; Tanaka, 2007] shown in Figure 6 explains how the FACs, the ionospheric currents, and the Joule heating hot spots are formed. One can either assume a mechanical viewpoint that focuses on the magnetic field and plasma motion (B, V) or an electrodynamic viewpoint that emphasizes the electric field and currents (E, J) [Parker, 1996] . In the mechanical view, reconnection creates open field lines. At high latitudes, the open field lines are dragged by the solar wind tailward for southward IMF. For northward IMF, the open field lines are first dragged sunward then around the flanks tailward, as shown in Figure 3 . The magnetic field transmits these stresses to the ionosphere, where the field lines, along with the ionospheric plasma, move through the background neutrals. Collisional friction between the neutrals and the ions then cause the heating [Strangeway and Raeder, 2001] . In the electrodynamic view, reconnection causes shear of the magnetic field between the reconnected field lines and the surrounding field. Such a shear corresponds to field-aligned currents, and thus there is a pair of FAC sheets between the reconnection region and the ionosphere. Current continuity (r · J = 0) demands that these currents close both in the reconnection region and in the ionosphere. In the reconnection region, E · J = V · (J × B) is negative; thus, it is a dynamo region. In the ionosphere, resistivity dominates; thus, E · J ∼ sE 2 > 0 and the electromagnetic energy is (Figure 4) . The results are a latitudinal E × B flow channel, a poleward perpendicular Pedersen current, and a pair of the downward and upward FACs that flank this Pedersen current and connect to the magnetospheric current to form a closed circuit. This Pedersen current then creates a Joule heating region. Therefore, a stronger FAC means a stronger ionospheric current and thus a higher Joule heating rate (J · E) and a more intense downward Poynting flux in the ionosphere.
[19] Referring back to Figure 1 , DMSP F15 observes a high level of Poynting flux at ∼07:50 UT in the Northern Hemisphere but does not observe significant Poynting flux when passing through the southern polar region at ∼07:00 UT nor through the northern polar region at ∼06:05 UT. It is likely that the spacecraft does not pass through the region with a high level of local Poynting flux. Figure 7 shows that the level of the Joule heating rate in a narrow arc in the northern polar region is ∼40 mW m −2 at ∼06:05 UT when the IMF clock angle is about 30°. Both the IMF y and z components are modest, about 5 and 8 nT, respectively. The Joule heating region indicated by cyan in Figure 7 is located in the afternoon region when the IMF y component is positive, and the cusp reconnection occurs at the duskside of the cusp. This narrow region is between a pair of adjacent and opposite FACs. Although the observed DMSP Poynting flux is almost zero, the OpenGGCM Joule heating rate is significant. The arrowhead in Figure 7 indicates that the DMSP F15 is on the edge of the narrow arc of the Joule heating region at ∼06:05 UT. This slight discrepancy may be caused by the Earth's dipole setting in the simulation. OpenGGCM uses a fixed dipole which is set for 12:00:00 UT on 24 August 2005 in this event simulation. It is most likely that DMSP F15 actually does not fly through the hot spot during this polar pass but the hot spot still exists. . Slab model of the convection. M, F, and E represent the magnetospheric (or magnetosheath) domain, the ionospheric F layer, and the ionospheric E layer, respectively. The entire system is coupled by a magnetic field (solid lines with downward arrows). Figure 6 represents a moment at which shear motion is generated in the M region and the front portion is just beginning to move. In this moment, FAC (white arrows), ionospheric current (solid arrows), and magnetospheric current (solid arrows) form a closed circuit. E and J are antiparallel (J · E < 0) in the magnetosphere, while they are parallel in the ionosphere (J · E > 0). Reprinted from Tanaka [2007, Figure 2 ] with kind permission of Springer Science and Business Media.
[20] The Southern Hemisphere distributions of the Joule heating rate and FAC at ∼07:00 UT shown in Figure 8 are significantly different from those in the Northern Hemisphere for ∼06:05 and ∼07:50 UT. Around ∼07:00 UT, the IMF is almost in the ecliptic plane and is slightly southward for a brief period. The IMF y component is large with a value of 16 nT, and the IMF z component is very small. In the Southern Hemisphere, Joule heating hot spots and regions of strong FAC are all missed by the DMSP F15 spacecraft during the pass around 7:00 UT.
[21] During this event, the CHAMP satellite observed high neutral density increases in both polar regions at ∼07:00 and ∼07:35 UT, as shown in Figure 1 . CHAMP did not observe the density enhancement during previous polar passages for the time period from 04:00 to 06:00 UT, during which both the IMF clock angle and magnitude were small before becoming large after ∼06:00 UT. Therefore, the density enhancements are likely caused by the Joule heating dissipated by open field lines as a result of cusp reconnection for northward IMF with a large clock angle and large y component. The enhancements thus are closely connected to the enhanced Poynting flux observed by DMSP F15 as suggested by Crowley et al. [2010] . However, how the Joule heating enhancement associated with the cusp reconnection affects the thermosphere needs further observation and simulation studies and is not the topic of this paper.
Event 7 November 2004
[22] Figure 9 shows the DMSP F15 observation of Poynting flux, the corresponding Joule heating rate in the simulation, the DMSP latitude and longitude in SM coordinates, the IMF clock angle, and the IMF y and z components for 7 November 2004 from 18:00 to 20:00 UT. The Joule heating rate in the simulation agrees well with DMSP Poynting flux, especially for the enhancement at ∼19:05 UT, which agrees on magnitude, timing, and duration.
[23] During this event, the DMSP F15 observes a high level of Poynting flux in the Southern Hemisphere at ∼19:05 UT (IMF clock angle ∼45°, B y ∼28 nT) but does not observe significant Poynting flux when passing through the northern polar region at ∼18:21 UT (IMF clock angle ∼18°, B y ∼6 nT) and at ∼19:54 UT (IMF clock angle ∼31°, B y ∼23 nT).
[24] Figure 10 is similar to Figure 5 but shows a high Joule heating rate region in the southern polar region morning sector because the cusp reconnection occurs at the dawnside of the southern cusp and at the duskside of the northern cusp when the IMF is northward with a positive y component. Clearly, the Joule heating hot spot is located between two adjacent and opposite strong FACs with the downward (positive) one being poleward of the upward (negative) one in contrast to the Northern Hemisphere event at 7:50 UT, discussed in section 3. In this case, with the upward magnetic field near the southern polar region, the foot points of the open field lines move eastward from the dawn region and cause an equatorward Pedersen current; hence the corresponding pair of FACs. The DMSP F15 spacecraft crosses the hot spot of Joule heating at ∼19:05 UT.
[25] At ∼18:21 UT, there are regions of enhanced Joule heating and FACs in the afternoon sector of the northern polar region, as shown in Figure 11 . In comparison to the hot regions in Figure 10 , these hot regions are smaller and less intense and are missed by the DMSP F15 spacecraft. Around ∼18:21 UT, the IMF is strong (B z ∼20 nT) but has a small clock angle (∼18°). A small clock angle will lead to a short distance of movement of a foot point of an open field line and therefore a small spot of Joule heating (more discussion in section 6).
[26] From ∼19:40 to ∼19:51 UT, the IMF B y is negative. It means that the cusp reconnection occurs in the dawnside of the northern cusp and creates open field lines whose foot points move eastward, thus generating the equatorward Pedersen current and a downward FAC located poleward of a upward FAC in the Northern Hemisphere. This pair of FACs in Figure 12 agrees well with that shown by Figure 5 (NW) of Anderson et al. [2008] . Around ∼19:54 UT, the IMF rotates rapidly from a clock angle ∼−45°to ∼45°within 5 min while keeping the northward direction. Around this time, the DMSP F15 spacecraft in the premidnight sector observes little Poynting flux. The Joule heating rate along the spacecraft trajectory in the simulation is also very low except for a small hot spot located near 09:00 MLT. Although there is a Joule heating hot spot on the track ahead of the spacecraft for the 19:54 UT simulation step (Figure 12) , it disappears when the spacecraft passes the location of this spot at ∼20:00 UT (Figure 13 ).
Event 21 January 2005
[27] Figure 14 shows the same parameters as in Figure 9 for the time period from 17:00 to 21:00 UT on 21 January 2005. During this event, the DMSP F15 spacecraft observes an enhancement of Poynting flux at ∼20:00 UT and a low level of Poynting flux for other polar passes. The OpenGGCM Joule heating along the spacecraft track agrees well with this observation of Poynting flux.
[28] For the northern polar pass around 17:36 UT, the IMF is southward and the modest Joule heating area is near noon, as indicated by Figure 15 [29] For the southern polar pass around 18:30 UT, the IMF is also southward but rapidly rotates toward a pure southward direction. Figure 16 shows a low-intensity Joule heating spot near the noon sector. The Joule heating hot spot at noon is flanked by a pair of opposite FACs. The DMSP F15 spacecraft does not pass through this hot region but instead through a broad, less intense Joule heating region in the nightside, which may result from reconnection in the tail. The spacecraft thus observed a rather modest Poynting flux (average ∼25 mW m −2 ) around 18:30 UT.
[30] For the polar pass around 19:24 UT, the IMF is basically dawn-dusk and slightly southward. Figure 17 shows a hot area near the noon region and several scattered weaker Joule heating areas. The FAC distribution is consistent with that shown in Figure 1d of Anderson et al. [2008] . The DMSP F15 spacecraft also does not pass through the hot region but was barely on the edge that allows the observation of a Poynting flux of 50 mW m −2 around 19:24 UT.
[31] Figure 18 shows that a large, enhanced Joule heating area covers the prenoon region at ∼20:00 UT. The DMSP F15 spacecraft just passes the edge of this area and thus observes a strong downward Poynting flux. This Joule heating hot spot is also flanked by a strong downward (positive) FAC at its poleward side and a strong upward (negative) FAC at its equatorward side. The distribution is similar to that shown in Figure 10 . The IMF has a large clock angle (∼65°) and a large y component (∼15 nT). Figure 19 shows the field lines traced from the Southern Hemisphere ionospheric locations (shown in Figure 18 
Discussion
[32] We have studied the Poynting flux observed by DMSP F15 spacecraft and the corresponding distributions of the Joule heating rate and FAC in OpenGGCM simulations for three events. During these three events, the DMSP F15 spacecraft observes strong enhancements of Poynting flux in the dayside high-latitude region. Our OpenGGCM simulations for these events reproduce the ionospheric Joule heating and agree very well with the observed Poynting flux. This result is expected because the Poynting flux into the ionosphere should be equal to the energy dissipated by the Joule heating under time-stationary conditions and the assumption that no energy goes into accelerating the plasma.
[33] The downward Poynting flux observed by DMSP F15 spacecraft during periods of northward IMF with large y component can be up to 180 mW m −2 , which is extremely large compared to maximum values on the level of a few tens mW m −2 that have been observed during moderate storms and significantly larger than the 110 mW m −2 reported during a very large substorm of the 6 April 2000 superstorm [Huang and Burke, 2004] . However, it is still possible that previous and current satellites have simply missed the local time with extremely high Poynting flux during substorms or storms. In this paper, we show that such extreme Poynting flux is caused by high-latitude reconnection under conditions of large IMF clock angle and large IMF magnitude.
[34] The simulation results show that there is a latitudinal region of high Joule heating rate in the dayside high-latitude region between ∼60°(∼−60°) SM and ∼80°(∼−80°) SM latitude in the Northern (Southern) Hemisphere for northward IMF conditions. This region extends from noon to dawn (dusk) for the positive (negative) IMF y component in the Northern Hemisphere and extends to an opposite direction in the Southern Hemisphere. A larger IMF clock angle leads to a larger area of Joule heating, which may span 60°- 100°in longitude and 5°-10°in latitude. The maximum value of the Joule heating rate can be as high as 100-200 mW m −2 . The extremely strong Poynting flux cases (Figures 5, 10 , and 18) shown in this paper are all associated with large IMF clock angle (75°, 45°, and 65°, respectively), very strong IMF (22.6, 46.4, and 25.7 nT, respectively) , and moderate to high dynamic pressure (7.4, 16.6, and 24.9 nPa, respectively). It seems that the intensities of the dayside Joule heating and the downward Poynting flux are likely closely related to IMF magnitude and solar wind dynamic pressure.
[35] The heated region is always flanked by two adjacent and opposite high-latitude FAC sheets, where the downward FAC locates equatorward (poleward) of the upward FAC at the afternoon (morning) sector, respectively, for both Northern and Southern hemispheres. The scale and magnitude of such FACs seem to be proportional to the scale and magnitude of the Joule heating rate. [36] The characteristic distributions of the Joule heating and the corresponding FACs are more likely observed by DMSP F15 for IMF conditions with a large clock angle (>∼45°) and a large y component (>∼10 nT) because the spacecraft orbit is near the 09:00-21:00 LT meridian. For IMF conditions with a small clock angle, the spacecraft will more likely miss the region of strong Poynting flux.
[37] As suggested by the slab model (Figure 6 ), magnetic field lines moving in the conducting ionosphere create Pedersen current, its associated Joule heating, and its associated FACs. Therefore, the distributions of the Joule heating rate and the corresponding FACs are directly related to the movement of field lines, which is closely related to reconnection and solar wind dynamo. Their intensities are closely related to IMF magnitude and solar wind dynamic pressure because the creation of Joule heating and Poynting flux is mainly a result of the movement of open field lines, which are mainly a part of the solar wind and IMF.
[38] There are two reasons why a larger IMF clock angle tends to lead to a larger area of intense Joule heating. One is related to the position of the reconnection site and the way in which a newly created open field line drapes around the magnetopause [Li et al., 2008] . When the IMF clock angle is large, the reconnection site tends to be near the flank, a newly created open field line tends to have a foot point further away from the midnight-noon meridian, and an open field line with duskside (dawnside) foot point tends to drape mainly westward (eastward), respectively, around dayside magnetopause toward the tail, as shown in Figures 3 and 19 . This draping behavior causes the foot section of the open field line to move latitudinally from duskside or dawnside to the noon region, as indicated in Figure 4 , leading to an extended latitudinal Joule heating area in the dayside where conductance is high due to solar EUV irradiation. On the other hand, when IMF clock angle is small, the open field line mainly drapes northward or southward around the magnetopause, causing its foot section to move directly from poleward cusp to equatorward cusp and thus leading to a small region of Joule heating near the noon region as shown in Figures 7 and 11 .
[39] The other reason is that the lifetime of an open field line resulting from cusp reconnection is longer for a larger IMF clock angle. Some open field lines may not become closed in the dayside and are just convected toward the tail. When the IMF is northward and the clock angle is small, the open field line becomes closed shortly after it is created [Li et al., 2005 [Li et al., , 2008 . After becoming a closed field line, the solar wind dynamo force stops acting on the ionosphere through open field lines. Figure 4 of Li et al. [2005] is similar to Figure 3 [40] While the field lines in the strong Joule heating region are usually open, we also found closed field lines there. When a closed field line is formed as a result of the reconnection on both cusps, both of its foot sections first move from poleward cusp toward equatorward cusp, resulting in a Joule heating region at the noon cusp region. This closed field line is then convected tailward along the flanks. Both of its foot sections thus move toward nightside along a latitudinal arc, creating Joule heating there. The Joule heating created by the movement of closed field lines is weaker than that created by moving open field lines because the solar wind dynamic force cannot directly act on the ionospheric foot sections of the closed field lines.
[41] The motion of the foot sections of the newly created open (or closed) field lines as a result of cusp reconnection agrees very well with the observed flow channels shown in Figure 5 of Anderson et al. [2008] . As suggested by the slab model shown in Figure 6 , such motion determines the direction, scale, and magnitude of a Pedersen current and the neighboring FACs that connect to the outer magnetosphere to make a closed circuit. Since Pedersen current causes Joule heating and the currents flow in a closed circuit, the scale and magnitude of the Joule heating region is proportional to those of the FACs. [42] Once an open field line is created, solar wind ions and electrons will precipitate along the field line down to the ionosphere, resulting in cusp aurora. Intense proton aurora spots in the cusp region during northward IMF conditions have been observed by the Imager for Magnetopause-toAurora Global Explorations (IMAGE) Far Ultraviolet Instrument (FUV) [Berchem et al., 2003; Bobra et al., 2004] . Most of the observed locations of proton aurora coincide with the locations mapped to the antiparallel reconnection sites tailward of the cusp. They should also coincide with the E × B flow channels discussed in section 3. Both the location of the cusp proton aurora and the location of the flow channel are effectively controlled by IMF B y . Since there is no sufficient IMAGE FUV data coverage for the events studied in this paper and there was a partial failure of the DMSP F15 ion detector, we cannot perform valuable comparisons here. A future study incorporating cusp aurora data will be needed to further confirm the cusp-related mechanism studied in this paper.
[43] When the IMF is southward, Joule heating occurs around noon and between ∼60°(∼−60°) and ∼80°(∼−80°) SM latitude in the Northern (Southern) Hemisphere, respectively, in the absence of substorms and storms. It appears that the region of enhanced Joule heating for southward IMF with a large y component (Figures 15 and 16 ) is smaller than that for a northward IMF with a large y component (Figures 5 and 18) . Again, the motion of the foot sections of the newly created open field lines due to magnetopause reconnection determines the distribution of the Joule heating rate and the corresponding FACs. The Joule heating regions are also located in the dayside because ionospheric conductivity is high due to solar EUV irradiation. Almost all the Joule heating figures shown in this paper display significant Joule heating distribution at or near noon. This suggests that a spacecraft is more likely to observe a high level of dayside Poynting flux frequently for both northward and southward IMF conditions if its orbit is near the noon-midnight meridian.
[44] When the IMF B z is slightly negative and B y is large, the magnetic reconnection process and reconnection sites seem to be more complicated than those for large IMF B z conditions because the component reconnection most likely plays a significant role [Trattner et al., 2005 [Trattner et al., , 2007 . The reconnection site may extend across the entire dayside from dawn to dusk [Trattner et al., 2007] . The behavior of newly open field lines may then become more complicated, and thus the Joule heating and corresponding FAC regions may look different than those for IMF with relatively large B z . Figures 8 and 17 , which show a significant Joule heating rate at dawn in addition to the hot spot at noon, and the corresponding IMF conditions shown in Figures 1 and 14 , respectively, seem to be an indication of such a situation.
Conclusions
[45] In this paper, we show that the movement of the open field lines resulting from cusp reconnection causes a Joule heating region and a pair of neighboring opposite FACs in the dayside ionosphere cusp region for northward IMF conditions. For the events discussed here, localized heating values are in excess of 100 mW m −2 . In this Joule heating region, the observed earthward Poynting flux is approximately equivalent to the height-integrated Joule heating rate in the simulation. The intensities of the Joule heating, the earthward Poynting flux, and the FACs are closely related to the IMF magnitude. Their locations are mainly controlled by the IMF clock angle. A large IMF clock angle will lead to an extended latitudinal Joule heating (earthward Poynting flux) Figure 19 . The magnetic field lines that are traced from points (shown in Figure 18 ) near the DMSP F15 location at 20:00:00 UT on 21 January 2005. The three color-coded density (cm −3 ) planes are located at y = −4, y = 0, and y = 4. region ranging from dawnside or duskside of the ionosphere cusp region to the noon region, depending on the direction of IMF B y .
[46] The main purpose of this paper is the investigation of the mechanism that creates strong downward Poynting flux for northward IMF conditions. We have shown that cusp reconnection is ultimately responsible for the Poynting flux. All of the events we present here occur during periods of moderate to high solar wind flow, suggesting that solar wind speed plays a role. Future efforts will focus on quantifying the effect of solar wind speed and dynamic pressure.
